Abstract
INTRODUCTION
Every material performs differently in the milling process and exhibits different grinding characteristics. A systematic and quantitative characterisation of the grinding performance of a powder is currently beyond scope because both the stressing of the particles in a mill and the breakage behaviour even under well-defined stressing conditions are not sufficiently understood, and the comparison of materials in a comminution process can therefore only be realised with the help of milling tests. These tests give results which are of value only for the type of mill under consideration. The possibility of transferring these results to other mills is debatable. This situation and the lack of understanding of the influence of material properties on the comminution process is totally unacceptable. In this paper, an approach which describes the grinding performance of different products independent of the mill properties is introduced.
Furthermore, the modelling of impact grinding processes is addressed. In order to operate a modern and f lexible process, it is essential to be able to at least estimate the effect of changes to the operational parameters or products on the process result. Even with a statistically optimised experimental strategy, the required effort in time and cost for this purpose is still considerable. A systematic and physically reliable computer simulation of the process would be a fast and cheap alternative to overcome these problems. Furthermore, a realistic model can help to understand the milling process and the interaction of single process steps. An approach to the simulation of grinding in mills based on a population balance model is presented. A simple model to describe the individual process steps inside the mill (i.e. grinding, classification and transport) was chosen. The main focus was on a clear separation between material and operational parameters, respectively, in order to investigate their inf luence on the comminution result separately.
MATERIAL CHARACTERISATION

Similarity Considerations
The breakage probability and the breakage function quantify the result of particle fracture concerning the size distribution of the milling product. The breakage probability P B describes the fraction of particles which is destroyed in an experiment. The breakage function B gives the size distribution of the fragments. The breakage of particles of different size, of different material and of different shape at various stressing conditions can be investigated with the help of similarity considerations. The following deduction is based on an approach first presented by Rumpf [1] .
Analysing the parameters which have an influence on particle breakage leads to Eq. 1. It contains 13 parameters describing the particle stressing, the particle size and shape and bulk material properties. The single parameters of influence are combined to ten dimensionless groups, thus reducing the number of independent parameters and underlining combined inf luences. In Eq. 1, W V denotes the volumetric, specific stressing energy, k the number of stressing events and v d the velocity of the deformation, which together define the stressing conditions. x is the initial particle size and ψ a shape parameter, taking the effect of different particle shapes on fracture formally into account. The bulk material properties are quantified by the following parameters: β max denotes the crack extension energy per unit of created surface, E′ the storage modulus of the particle material, E′′ the corresponding viscous loss modulus, H the hardness, ν the Poisson ratio. v fract is the velocity of the crack propagation, v el the velocity of the propagation of elastic waves and l i the inherent initial crack length or f law size.
Eq. 1 takes a large set of relevant parameters for particle fracture in general into account. For the case of impacting particles and the conditions considered here, it can be simplified. The velocity of propagating cracks is always significantly less than the velocity of elastic waves for brittle materials [2, 3] . The crack extension can be considered as quasi-static here and the ratio v fract /v el will not have an inf luence on particle breakage. The velocity of the propagation of elastic
waves is about 2400 m/s for brittle polymers such as PMMA and PS. For glass it even reaches values of 5800 m/s [3] . With impact velocities of up to 200 m/s, which is currently the technically realised maximum for hammer mills, the ratio v d /v el is far smaller than unity and the loading can be considered as quasi-static, too. The initial size of the particles under investigation in this work lies in the range of 95 µm to 8 mm. It can be assumed that for these sizes, the initial flaw size of the particles is not yet inf luenced or limited by the initial particle size [3, 4] . Therefore, the parameter l i /x in Eq. 1 will not have any influence on the comminution result for these coarse materials. The simplifications above lead to a reduced form of Eq. 1:
Fracture Mechanic Model
Weichert [5] introduced the Weibull statistics [6] to the field of comminution. The following modified approach is based on his procedure. The Weibull statistics is based on the principle of the weakest link in a chain. It gives the probability P B for the fracture of a chain which consists of z links of strength σ S when the load σ is applied. m is a free parameter of the probability distribution which is not related to a physical property in Weibull's approach.
Crack initiation and par ticle breakage star t at the circumference of the contact circle (simplifying Weichert's assumption of beginning breakage on the whole surface) [7, 8] . The highest tensile stresses occur at the circumference of the contact circle. Flaws and initial cracks in this area are subjected to these high stresses and are most likely to initiate particle failure. When a statistical distribution of flaws and micro-cracks is assumed, then the equivalent to the number of chain links needed for the application of Eq. 1 is the circumference or diameter a of the contact circle. It can be calculated from Hertz' theory according to Eq. 4. In Eq. 4, E and E T denote Young's modulus of the particle and the target, respectively, ν and ν T the Poisson ratio of the particle and the target, respectively, ρ the particle density and v the impact velocity.
For impacting elastic spheres, the Hertz theory also allows for the calculation of the pressure distribution within the contact circle (Eq. 5). Gildemeister [7] showed that for impacting spheres, the stress field σ within the sphere is similar for spheres of different diameters and proportional to the maximum pressure p max in the contact circle.
Interpreting the load in Eq. 1 as stress and applying Eq. 5 also to the strength σ S , then the load term in Eq. 1 can be characterised by the equivalent velocities v and v S :
Inserting the above three equations into Eq. 1 leads to Eq. 7. It theoretically describes the breakage probability of elastic spheres. Vervoorn and Austin [10] have shown that the Hertz equations not only describe the impact force well for spherical particles, but also for irregularly shaped ones. Therefore Eq. 4 and Eq. 5 can be used as an approximation for the loading of irregular-shaped particles in a grinding process.
Analogous to the principle of the weakest link in a chain, Eq. 1 can be applied to the repeated stressing of a particle taking into account the increase of the cumulated probability of particle breakage P B due to k successive impacts. Furthermore, in Eq. 7, the particle breakage begins at very small impact intensities which lead to a very small, but not negligible, value for the breakage probability. In own experiments as well as data published in literature [11] [12] [13] [14] , a significant threshold value for the impact energy can be observed. Below this threshold value no particle breakage occurs. Therefore the energy threshold W m,min is introduced which finally leads to Eq. 8.
known. Furthermore, it is not quite clear which material strength σ S or equivalent velocity v S , respectively, have to be used as most of the classic mechanical strength parameters such as tension or impact strength are strongly dependent on the test procedure. Further work will be carried out on this problem.
Derivation of Relevant Material Parameters
The two different approaches which lead to Eq. 2 and Eq. 8, respectively, can be united to form a single equation describing the breakage probability for particles of different materials. In Eq. 2, β max , E′, E′′, H, l i and ν denote the fracture and deformation mechanical parameters which are appropriate, e.g. for geometrically well-defined problems. In the case of the comminution of particles, their quantitative application is difficult. Therefore, we will introduce two new parameters, f * Mat. and W V, i here, which are related to β max , E′, E′′, H, l i , ν and Ψ, but which can be applied and determined directly by comminution experiments. They can be interpreted as mean particle properties which take the material properties of the particle and irregular particle shape fully into account. f * Mat. characterises the resistance of the particle material against the volume-specific external load energy. W V, i is a measure for the volume-specific energy which is required to initiate fracture at an existing f law of size l i . Both parameters relate the external load during impact, characterised by the specific impact energy W V , to the internal particle strength. Together with a rearrangement of the dimensionless variables this leads to a simplified form of Eq. 2:
Eq. 8 and Eq. 9 originate from different approaches but describe the same phenomenon: particle breakage. They can be united when the main influencing factors and dimensionless groups are compared. As the mass-specific impact energy W m,kin and the volume-specific impact energy W V are directly proportional to each other, Eq. 8 and 9 can only match if the free, adjustable exponent m of the Weibull distribution equals 4. Then, both equations show the same combined inf luence of the product of specific energy and particle size on the breakage probability. There-
fore m҃4 will be used in the following leading to:
Furthermore, comparing Eq. 9 with Eq. 10 shows that the threshold energy W m,min has to be size-dependent. The product xW m,min relates to l i W Vi and because both, l i and W V, i , are independent of the particle size, xW m,min has to be a material constant, too. f * Mat. as well as the factor
purely dependent on material properties and independent of the stressing conditions and particle size, thus again showing agreement between the two approaches. Finally, Eq. 10 can be written for k successive impacts with the single mass-specific impact energy W m,kin and using the new material parameters f Mat. (now mass-based) and W m,min as follows (Eq. 11). f Mat. denotes the resistance of the particle material against the external load W m,kin , and W m,min is a specific threshold energy for a particle of size x, which has to be exceeded by the specific impact energy in order to cause particle breakage. Below this threshold value, particle breakage does not occur.
Based on two different and independent approaches, the similarity considerations and the fracture mechanical model, an analytical function for the breakage probability is derived [24, 25] . Simplifying both approaches leads to the same main parameters determining particle breakage: the product of impact energy and initial particle size, the newly introduced material or particle parameter f Mat. and the size-independent threshold value xW m,min . According to the model assumption, f Mat. and xW m,min comprise all particle properties and should therefore describe the material inf luence on the comminution result.
SINGLE PAR TICLE EXPERIMENTS
Single particle comminution experiments were carried out to validate the model and to determine the introduced material parameters. Fig. 1 shows the single particle impact device used for the experiments. It was developed by Schönert [15] . A vibration feeder transports single particles from the feed chamber to the disc-shaped rotor. There, the particles are accelerated in radial channels by the centrifugal force. After reaching the outer diameter of the rotor, they are ejected with a final velocity consisting of a radial and a tangential component, both equal to the circumferential speed of the rotor. As both feeder and grinding chamber are evacuated in order to avoid the disturbing inf luence of any air f lows, the impact velocity v of the particles on the target ring is given by the ejecting velocity from the rotor, and because of its sawtooth shape, the particles impact at an angle of 90°. For the single particle tests shown here, impact velocities from 10 to 140 m/s were realised at an ambient temperature. At the end of a single test, the size distribution of the product particles was determined by sieve size analysis. After the analysis, the product particles were stressed again under the same conditions in order to simulate multiple impacts. This procedure was repeated up to five times. Five different polymers (polymethyl methacrylate: PMMA G55, G7 and G88 from BASF AG and Agomer GmbH, and polystyrene: PS 168N and 144C from BASF AG) with different molecular weight distributions which result in different mechanical properties were used. Furthermore, two crystalline materials (ammonia sulphate and potassium alum), limestone, two powder coatings (epoxy and polyester-based), and glass spheres were investigated. Narrow size fractions of the feed material were produced by sieving. In each experiment, approximately 2500 particles were stressed in order to obtain statistically reliable results.
EXPERIMENTAL RESULTS
Eq. 11 accounts for the influence of the initial particle size on fracture. Fig. 2 shows the breakage probability P B of glass spheres covering a size range of almost two decades. The data were taken from literature (open symbols and dashed lines [16] , filled sym-
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KONA No.21 (2003) Fig. 1 Single particle impact device [15] rotor target ring target ring rotor feeder bols and solid lines [17] ). The difference in breakage for the different sizes is obvious. For the same energy input smaller particles exhibit a smaller breakage probability. This can be explained by the fact that for smaller particles the circumference of the contact area is smaller and therefore fewer f laws are affected by the critical tensile stress.
If P B is plotted versus x·W m,kin (Fig. 3) , all curves overlap and show the predicted inf luence of impact energy and initial particle size in Eq. 11. Approximately, the energy threshold W m,min is inversely proportional to the initial particle size, leading to a constant value for xW m,min as predicted by the model. The threshold value can be determined in Fig. 3 as the intercept of the curve with the abscissa. The lines in Fig. 2 and Fig. 3 are fits of Eq. 11 to the experimental data. They show good agreement between theory and experiment. Fig. 4 shows the breakage probability for two different polymers (PMMA G55 and G88). The initial particle size was a narrow sieve size fraction between 2.0 and 2.5 mm. The lines in Fig. 4 are again fits of Eq. 11 to the experimental data. Both materials follow the model well. The results of the multiple impacts agree well with Eq. 11 when they are plotted as a function of the total net energy k·(W m,kin ҀW m,min ).
Fitting Eq. 11 to the breakage data of single particle impact tests gives the material parameter f Mat. and the size-independent threshold value xW m,min for each material. f Mat 
When the breakage data are plotted according to the probability distribution (Eq. 11) as a function of [16, 17] the product of total net impact energy k·(W m,kin ҀW m,min ), the initial particle size x and material parameter f Mat. Fig. 5 is obtained. For all materials under investigation, i.e. three PMMA, two PS, limestone, glass spheres, two crystalline materials and two powder coatings, a single curve describes the breakage probability. The experimental data is well within a deviation of ѿ/Ҁ15% of Eq. 11. The main conclusion which can be drawn from these results is that the inf luence of the main parameters stress intensity (impact energy) and stress frequency (impact number), initial particle size and material properties are quantified correctly by the developed model. The plot in Fig. 5 can be seen as a mastercurve describing the breakage probability of various materials. The product f Mat. ·x·k·(W m,kin ҀW m,min ) can be interpreted as a dimensionless stressing parameter. For the first time, measurable material properties, i.e. the material parameter f Mat. and the threshold value xW m,min which describe the grinding performance of different materials quantitatively, can be determined and thus permit a systematic distinction to be made between different materials.
MODELLING OF GRINDING IN IMPACT MILLS
The main objective for the modelling of impact mills with population balances here was that of a clear separation of the different inf luences of material properties, machine-specific features and operating conditions in order to be able to interpret the results. It was therefore assumed that the grinding process can be described separately by a machine and a material Fig. 4 Breakage probability of PMMA as a function of the total net impact energy function [18, 25] . The machine function comprises the type of mill as well as all the operating conditions. By choosing the mill, the kind of particle stressing is defined. The operating conditions of the mill on the other hand determine the number of stress events, their intensity and the distribution of both. Operating conditions can be characterised, e.g. by the speed of revolutions, the air f low rate and the solids loading. For rotor impact mills, the speed of the hammers correlates with the stress intensity. The number of stress events depends on the residence time distribution of the particles in the mill. The experimental set-up, the structure of the model, the applied population balance and the material function is described below.
Experimental Set-Up
The experiments with the air classifier mill were carried out with a Hosokawa ACM 2 with a rotor diameter of 177 mm (Fig. 6) at Hosokawa Micron GmbH in Cologne, Germany. The particles are fed to the grinding zone by a rotary valve. There they are stressed by the grinding pins and then transported by the main air to the impeller wheel classifier. The shroud ring permits controlled transport by separating the grinding zone from the classifying zone. Material that is fine enough leaves the mill through the classifier with the main air, whereas coarse material is rejected and transported by the internal circulation back to the grinding zone. There it is stressed again. In the experiments, the revolution speed of the rotor (5787 to 10417 rpm, equivalent to circumferential velocities from 50 to 90 m/s), the revolution speed of the classifier (1270 to 6500 rpm) and the solids loading (0.056 to 0.1350 kg solids/kg of air) were varied. The air f low was monitored and kept at a constant value. The ground product was limestone.
Structure of the Model
A simple structure for the model of the mill was chosen. It is shown in Fig. 7 . The air classifier mill consists of a grinding zone and a classifying zone connected by a more or less defined particle transport. Grinding and classifying were transferred to two separate units in the model mill. A third unit, the hold-up, was added to mix the feed with the coarse material which was rejected by the classifier. Material leaving the grinding zone reaches the classifier and if small enough, is removed from the system or if too big, is recirculated to the hold-up. There it is mixed with the feed and again transported to the grinding zone. The recirculation f lux is a free internal parameter of the model and not predetermined nor adjusted.
Population Balance
The change of the particle mass in a discrete size band during a discrete grinding step, e.g. after a single stressing event, is given by the mass leaving the size band as fragments and the mass entering the size band as fragments from larger sizes (Eq. 12, [19] ). The mass leaving a size band i per unit of time is given by the product of the particle mass m i in the size band multiplied by the breakage probability P B,i . Entering class i from a bigger size j is the mass m j inside class j multiplied with the breakage probability P B, j and the mass transfer function b i,j , which denotes the fraction of fragments breaking from class j into the size band i. Herein i҃1 denotes the largest and i҃N the smallest particle size, respectively. The mass transfer function b i,j can be calculated from the breakage function B i,j .
Taking into account not only a single size band m i but all particle sizes leads to the particle size distribu- tion vector m Ҁ . The particle size distribution m Ҁ ѿ∆m Ҁ after a discrete grinding step can then be calculated from the particle size distribution before the interval m Ҁ when the balance according to Eq. 12 is calculated for all size intervals. This leads to a set of equations which can be written in vector form with Z Ҁ Ҁ being the comminution matrix (Eq. 13).
It can be shown [20, 21] that the comminution result after n multiple stressing events can be calculated by n-times multiplying the particle size vector m Ҁ (0) prior to the stressing with the comminution matrix Z Ҁ Ҁ . This leads to the final form of the population balance which was implemented in the model:
The cut size of the air classifier mill was calculated by the equilibrium of drag and centrifugal force at the impeller wheel. The values were taken as values for the median size x 50,t of the separation curve. The sharpness of cut κ҃x 25,t /x 75,t was assumed to be 0.5, as recommended for technical classifiers [22] .
Material Function
Eq. 11 was implemented in the model for the breakage probability. It allows for a clear separation between material properties and the stressing conditions. The fragment size distribution B was found to be in good agreement with an adjusted power law according to Eq. 15. Herein x denotes the size of the mother particles and y the fragment size. The parameter q denotes the power law exponent. B҃ q · · Ά 1ѿtanh · with q҃c·vѿd (15) As the power law fades only slowly to zero for small particle sizes, it always leads to a certain error by creating fines with unrealistically small sizes. The second factor forces the power law to fade more rapidly, reducing the effect of artificially created fines. The value y′ is the fragment size from which point on the additional fading becomes significant. Logically, its value is chosen close to the minimal particle size expected by fragmentation, which can be estimated from [23] . It was possible to show from the results of single particle impact tests that the exponent q of the heuristic power law could be approximated well by a Although no experimental data were available on the separation curve of the classifier, the calculated curve fits in well. Slight differences occur for the fines. The inf luence of the velocity of the grinding rotor and the speed of the impeller wheel classifier on the parameter n is given in Fig. 9 . The model parameter n, a measure for the stressing frequency, decreases with increasing grinding rotor velocity. The parameter also decreases with increasing solids loading, whereas it is almost unaffected by the classifier wheel speed.
For the lower classifier speeds (1270 and 2540 rpm), the hold-up normalised by the corresponding mass of feed per unit of time is close to unity ( Table 3) . Most particles are small enough to leave the mill after the first passage through the grinding zone. In this range, the hold-up increases only slightly with increasing classifier speed. For higher classifier speeds, the hold-up increases significantly. Up to 2.6 times the amount of feed per unit of time is kept in the hold-up when the classifier operates at 6500 rpm. As expected, the finer cut size leads to a higher internal recirculation. The mill effectively operates with recirculation, which is in agreement with the structure of the mill shown in Fig. 7 . There, the separation of grinding zone and classifying zone by the shroud ring can be seen.
The solids loading (mass flow of solids per mass f low of air) exhibits an inf luence that is similar to that of the classifier speed. Increasing the loading from small values, close to the conditions of single particle tests, up to 0.135 kg/kg and therefore approaching the conditions of production mills, leads to an Table 2 Material parameters for the simulation increase of the hold-up and reduces the parameter n.
The agreement between simulation and experiment is still good and the simulation of even higher concentrations seems possible. Similar investigations were carried out for sieve hammer mills. In this case, two types of PMMA were studied. We found a very good agreement again between our model and the experimental data.
CONCLUSIONS AND PERSPECTIVES
Two approaches describing the influence of material properties, particle size and external load on the result of impact comminution have been presented. It is shown that both lead to the same influencing parameters, namely the product of initial particle size, total mass-specific net impact energy and a newly introduced material strength parameter. The breakage probability is described by a single mastercurve comprising the breakage behaviour of different materials (polymers, limestone, crystals, glass) of various sizes (95 µm to 8 mm) for multiple impacts. For the first time, measurable material properties describing the comminution performance of different materials have been derived and determined experimentally. ferentiation between various products and enable a comparison of different materials of different size. These material parameters were applied to a simple model for the simulation of grinding different products in impact mills. A good agreement between simulation results and experiments was achieved while retaining a clear distinction between material and operating parameters. The material parameters were determined independent of the machine properties by single particle comminution tests. The free adjustable model parameter n, which correlates to the stressing frequency, showed systematic and reasonable trends with the operating parameters of the mills and could be explained by physical effects. Sieve hammer mills as well as air classifier mills can be simulated by the help of externally measured material functions using measurable operating parameters to describe the stressing conditions in the mill. A safe simulation of operating conditions within the range experimentally covered and a reasonably reliable extrapolation outside is possible. Because the material properties were determined independent of the mill, they can be utilised in similar applications for other types of impact mills.
In future work, it has to be examined whether experimental results for the breakage function can be explained by the product f Mat. ·x·k·(W m,kin ҀW m,min ), too. A correlation of the comminution parameters to basic parameters from fracture mechanical considerations will be investigated. The population balance model presented here showed good agreement between simulation and experimental results, and the obtained model parameters could be explained reasonably, but no information based on experimental studies on the particle transport and the resulting stressing conditions is available so far. This shortcoming has to be overcome, and a more sophisticated and predictive modelling is aimed for.
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